An unusual enhancement of resistance ͑i.e., a "superresistivity"͒ below a certain characteristic temperature T sr was observed in granular Bi nanowires. This "superresistive" state was found to be dependent on the applied magnetic field as well as the excitation current. The suppression of T sr by magnetic field resembles that of a superconductor. The observed superresistivity appears to be related to the nucleation of local superconductivity inside the granular nanowire without long-range phase coherence. The phenomenon is reminiscent of the "Cooper-pair insulator" observed previously in ultrathin two-dimensional superconducting films and threedimensional percolative superconducting films.
I. INTRODUCTION
Bulk bismuth ͑Bi͒ has a rhombohedral crystal structure and displays semimetal properties down to at least 50 mK without showing evidence of superconductivity.
1, 2 Recently, we reported superconductivity in Bi nanowires with T c of 7.2 and 8.3 K. 3 These nanowires, fabricated by electrodepositing Bi into porous polycarbonate membranes, showed granular morphology consisting of crystalline rhombohedral Bi grains of a few nanometers to 15 nm. However, in spite of our effort in following similar fabrication conditions and protocols, superconductivity, with a sharp resistance drop at T c , was found in only 18 out of a total of 38 samples studied. In contrast, the other 20 granular samples showed nonsuperconducting behavior down to 0.47 K. These contrast data obtained in granular Bi nanowires echoed the previous observation in literatures, i.e., superconductivity was seen in some granular films built of well-defined rhombohedral Bi nanoclusters in a variety of insulating matrices, 4, 5 but not seen in others, e.g., in the thermal evaporated or sputtered granular Bi films 6 or in 6-nm-diameter crystalline or granular Bi nanowires confined in porous Vycor glass. 7 To better understand the mechanism of superconductivity in granular Bi nanowires, structural or morphological studies were carried out by transmission electron microscopy ͑TEM͒ and electron diffraction ͑ED͒. Interesting contrast results were noticed between superconducting and nonsuperconducting granular nanowires. The rhombohedral grains in the superconducting wires were found to be aligned along the ͓001͔ direction within an angular distribution of 19°, 3 while the grains in the nonsuperconducting nanowires showed random orientations. Because the transition temperatures of 7.2 and 8.3 K in superconducting wires are identical to those of the tetragonal high-pressure phases Bi-III ͑Refs. 8-11͒ and body-centered cubic Bi-V, 8, 9, [12] [13] [14] we suggested that the grain boundaries between the grains with ͓001͔ orientation may assume the same crystal structures as those of Bi under high pressure due to structural reconstruction or local distortion.
The ͓001͔ alignment of the grains may allow a superconducting path along the atomically thin high-pressure phase percolating through at least one or a few granular wires in an array of wires embedded in the porous membrane. The highpressure phases were not detected by x ray or TEM since the thickness of boundary layer is only on the order of a few atomic layers.
In this paper, we report a systematic study of the nonsuperconducting granular Bi nanowires. In the 20 nonsuperconducting granular wires we investigated, nine of them showed an unusual "super-resistive" behavior, specifically, an abrupt enhancement of resistance ͑R͒ below a welldefined temperature T sr . The value of T sr depends on the details of the sample and varies from sample to sample. The super-resistivity below T sr was found to depend not only on the applied magnetic field ͑H͒ but also on the applied excitation current ͑I͒. By increasing H, T sr is suppressed correspondingly and a phase boundary of the super-resistive state can be mapped out. For H exceeding a critical value H sr , the enhanced resistance can be completely suppressed, resulting in a smooth semiconductor-type R-T curve from ϳ60 K down to 0.47 K. The H sr -T phase boundary of the superresistive state resembles that of a superconductor. The observed super-resistivity in granular Bi nanowires appears to be related to the nucleation of local superconductivity without the long-range phase coherence. The phenomenon is reminiscent of those reported in ultrathin two-dimensional ͑2D͒ granular Sn, 15 Al, 16 In, Ga, and Pb films, 15, 17 and threedimensional ͑3D͒ granular Al ͑Ref. 18͒ and Al-Ge mixture films 19 on the insulating side of the superconductor-insulator transition ͑SIT͒, as well as in percolative superconducting Pb films.
porous polycarbonate ͑PC͒ membranes at room temperature ͑the details of the fabrication process were described in Ref. 3͒ . We found that the granular nanowires can be achieved with a deposition voltage between −2.0 and −3.5 V with a two electrode system. The diameter and length of the nanowires are controlled by the pore size and the thickness of the membrane. 3, 22, 23 The actual diameter of the resulting nanowires is usually larger than the quoted pore size by manufacturers, the possible origins were discussed in literature. 22, 24 In this paper, all Bi nanowires have an actual diameter of 70 nm and a length ͑L͒ of 6 m. Freestanding nanowires were obtained by dissolving the PC membrane in dichloromethane for TEM imaging.
Transport measurements were carried out on Bi nanowire arrays embedded in the PC membrane with a Physical Properties Measurement System, equipped with a 3 He insert and a superconducting magnet. Details about the transport measurements are reported earlier. 25, 26 The total resistance R of the system with this configuration consists of the contributions from the Bi nanowires, the metallic electrodes, and the point contacts between the electrodes and Bi nanowires. While the resistance of the metallic electrodes ͑i.e., Ag͒ is negligibly small ͑on the order of Ͻ0.1 ⍀͒, the point-contact resistance of diameter ͑d͒ might not be negligible and can be estimated approximately by means of the Sharvin formula
2 , where 0 is the resistivity of bulk Bi and ᐉ e is the electron mean-free path. Using 0 ᐉ e ϳ 10 −8 ⍀ cm 2 ,
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R sh is estimated to be 80 ⍀ for 70 nm Bi nanowires. This value is added to the total resistance as a series component to each Bi nanowire. If we make an assumption that the nanowires in each array are identical, the measured total resistance can be expressed as R = ͑R nw +2R sh ͒ / N, where R nw is the resistance of each individual Bi nanowire in the array and N is the total number of the nanowires making contact with the electrodes. For a nanowire with L =6 m and d = 70 nm and taking a room-temperature resistivity value = 315ϳ 850 ⍀ cm, 29 we get R nw =4L / d 2 to be on the order of 4.9ϳ 13.3 k⍀ at room temperature. Since R nw ӷ R sh , the measured total resistance is dominated by the Bi nanowires. Figure 1 shows the R vs T curves measured at zero magnetic field for the nine granular Bi nanowire samples showing the super-resistive behavior. Each sample is consisted of an array of nonintersecting 30-60 parallel wires making electrical contact to the electrodes. The value of the resistances is normalized at 100 K. All samples showed an anomaly at T sr . Below T sr , the resistance either increases sharply or displays a small drop first and then increases with decreasing temperature. The onset value of T sr varies from sample to sample and four samples showed a T sr at 7.1Ϯ 0.2 K or 8.1Ϯ 0.2 K, two samples at 3.6Ϯ 0.2 K, and three samples at 5.8Ϯ 0.2 K. It is interesting that each sample shows a sharp anomaly at a single T sr , and the resistance at low temperatures shows a significant offset from the value extrapolated from T Ͼ T sr . This means that the value of T sr depends sensitively on the exact growth conditions during the electrodeposition procedure, which we have not been able to completely manipulate or control from sample to sample. Other than different T sr among different samples, all nine Bi nanowire samples show similar dependence on temperature, magnetic field, and excitation current. Here we focused our attention on one of these samples, namely, sample B1 with T sr = 5.8Ϯ 0.2 K. The typical TEM image of the sample B1 is shown in the inset of Fig. 2͑a͒ . This sample was deposited at a potential of −2.45 V and the nanowires show granular morphology with grain size ranging from a few nanometers up to 40 nm. Figure 2͑a͒ shows the R-T curves of sample B1 with an excitation current of 50 nA under perpendicular magnetic fields H of 0, 3.0, 4.0, 5.0, and 8.0 kOe. Since the measured total resistance R = 248 ⍀ at 300 K, the number N of the wires in this array is estimated to be on the order of ϳ20-54 using = 315ϳ 850 ⍀ cm. 29 The R-T curves show a broad maximum near 200 K and insulating behavior below 60 K. Such a broad maximum in R is a common feature of semimetallic Bi nanowires [29] [30] [31] and can be understood as a consequence of the competition between the temperature dependence of the carrier concentration ͑n͒ and the carrier mobility ͑ 0 ͒ in determining the resistivity =1/ ne 0 . While n decreases, 0 increases with decreasing temperature. Since n is nearly constant below 100 K, a metallic behavior or a saturation in resistance is expected at low temperatures. However, the situation in Bi nanowires is more complicated due to the finite-size effect, 30 weak-localization, 7, 32 and enhanced e-e interactions 6, 30 or other mechanism. 33, 34 In sample B1, we found that under a magnetic field of H = 8.0 kOe, the R-T curve shows a smooth insulating behavior from 60 K down to 0.42 K and its resistance ln R scales linearly with T −1/2 between 2 and 55 K, shown in nential divergence in resistance is consistent with the model of strong localization with variable-range hopping ͑VRH͒ for a finite one-dimensional ͑1D͒ wire 35 or the Coulomb gap model of Efros-Shklovskii ͑ES͒. 36 The ES model is valid in both the 2D and 3D strong localization limits due to the Coulomb interaction. According to the VRH or ES model, the granular Bi sample B1 under a magnetic field of H = 8.0 kOe is a "true insulator" below 60 K. At H = 5.0 kOe and below, the measured resistance shows an abrupt enhancement below T sr that rides on top of the smooth R-T curve obtained at H = 8.0 kOe. The onset T sr of the superresistive behavior increases with decreasing H and it reaches 5.8Ϯ 0.2 K at H = 0 Oe. Figure 3͑a͒ shows R vs H curves at different temperatures. For T Ͼ 6.0 K, a small positive magnetoresistance ͑MR͒ is found. Below 5.5 K, R-H curves show a plateau in the lowfield region, and then a negative MR in higher field until a critical value H sr before exhibiting the same positive MR behavior as observed for T Ͼ 6.0 K. The value of H sr decreases with temperature and extrapolates to zero near 5.8 K. The overall feature of the R-T and R-H curves below 5.8 K is similar to that reported for a percolating superconducting Pb film below the percolation threshold, 20 and in granular Al-Ge mixture films on the insulating side of the SIT. 19 These percolating granular films showed a nonsuperconducting behavior and a sharp resistance enhancement below the bulk T c of Pb or Al at zero magnetic field. The features are similar to what we saw here in Figs. 1-3 .
III. EXPERIMENTAL RESULTS
Similar super-resistive behavior was also observed in ultrathin 2D granular Sn, 15 Al, 16 In, Ga, and Pb films 15, 17 when the normal-state sheet resistance of the films was tuned to be on the order of the quantum resistance R Q = h / 4e 2 = 6.4 k⍀. The rapid increase of electrical resistance below the bulk T c of granular superconducting films was interpreted as the consequence of the localized pairing of electrons without global phase coherence of the superconducting order parameter. In other words, the super-resistive insulating state in these ultrathin granular films is not a true insulator, and the Cooper pairs are postulated to survive inside each individual grain. As a result, the conductivity is dominated by single-electron tunneling processes between the neighboring superconducting islands. The reduction of the gap in these superconducting islands by the application of a magnetic field results in a reduction of the resistance of the films, i.e., a negative MR effect. The similarity in the transport behavior of our granular Bi nanowires suggests that the observed super-resistivity below 5.8 K may have the same physical origin, namely, the existence of local superconducting islands without a longrange phase coherence.
Because the super-resistive behavior is always found below a specific temperature T sr ͑shown in Figs. 1 and 2͒ and magnetic field H sr ͓shown in Fig. 3͑a͔͒ , a H sr -T phase diagram, which defines such a boundary between super-resistive and normal, is shown in Fig. 3͑b͒ as filled solid circles "b." The value of H sr is determined from Fig. 3͑a͒ and defined from the point when the resistance deviates from the dashed linear baseline ϳ0.7 ⍀. The error bar of the H sr is determined from the variation of H when the R deviates from the baseline ϳ1.4 ⍀ ͑the scattering of the R shown in the inset of Fig. 3͑a͒ is less than 0.5 ⍀͒. The data points shown as open squares and solid triangles are deduced from different measurements and will be discussed below. The H sr -T phase diagram resembles that of a 2D percolation superconducting film, where the temperature dependence of the upper critical magnetic field H c2 is predicted to follow the relation H c2 ͑T͒ ϰ s −2 ϰ ͑T c − T͒ 1/͑1+/2͒ with ϳ 0.9, when the percolation correlation length p becomes longer than the effective superconducting phase coherence length s . 20, 37 The solid line shown in Fig. 3͑b͒ is a fit of the six data points shown as the filled solid circles according to the same formula, namely, H sr ͑T͒ = H s ͑1−T / T͒ c 1/͑1+/2͒ with ϳ 0.9, T c = 5.8 K, and a fitting parameter H s = 10.50Ϯ 0.32 kOe. The quality of the fit suggests that H sr can be attributed to the upper critical field H c2 of a percolative superconductor. Above H sr , the superconducting gap in each localized superconducting Bi island is completely destroyed and this leads to a smooth insulating R-T curve, which is consistent with a variablerange hopping process as shown in Fig. 2͑b͒ .
It is well known that the microscopic mechanism for superconducting to insulating transition ͑SIT͒ in a granular superconducting system is the competition between the intergrain charging energy ͑E c ͒ and the Josephson coupling energy ͑E J ͒ between neighboring grains. The system can either be in superconducting state ͑E j Ͼ E c ͒ or in an insulating state ͑E c Ͼ E j ͒, depending on the ratio of E j / E c . This mechanism, which usually explains the SIT in 2D granular films, 15, 17 Josephson junctions 38 or junction arrays, 39 and 3D granular system, 19 was also applied to interpret the electrically insulating behavior in homogeneous films by Stewart et al., 40 but the detailed picture for the local pairing in a homogeneous film remains unclear. When applying a dc bias onto such a Cooper-pair insulating system, one may expect that the charging energy E c is to some extent, suppressed, and hence, a current-induced insulator to superconductor transition may appear due to the recovery of Josephson coupling. Such a current-induced effect is clearly seen in Fig. 4͑a͒ . Figure 4͑a͒ shows the R-T curves measured at different dc excitation currents. With an excitation current of I Յ 5.0 A, the R-T curves showed an upward kink at 5.8 K and a rapid increase in resistance below 5.8 K. At an excitation current of 10 A, a tiny resistance drop is found at 5.8 K prior to the appearance of the insulating behavior. The magnitude of the drop at 5.8 K increases with increasing dc bias ͓inset of Fig. 4͑a͔͒ . When I =25 A, the drop of the resistance from 5.8-0.42 K reaches at about 0.7% of the total normal-state resistance R N ͑i.e., ⌬R / R N ϳ 0.7%͒, and the R-T curve becomes nearly temperature independent below 5.8 K. This dc current-induced insulator to metal-like transition is not an artifact of the heating effect because the kink position at 5.8 K does not shift with the excitation current shown in the inset of Fig. 4͑a͒ . Figure 4͑b͒ shows the R-T curves measured with an excitation current of 25 A under different perpendicular magnetic fields. The temperature T sr at the kink decreases with increasing the applied H and finally becomes unresolvable at H Ն 5.5 kOe. This behavior resembles to that seen in a superconductor, where the critical temperature T c is suppressed by an applied magnetic field. The phase boundary deduced from the kink position in Fig. 4͑b͒ shown in Fig. 3͑b͒ as solid triangles "᭡," is consistent with that defined from 3͑a͒. We thus attribute the current-induced tiny resistance drop at 5.8 K to the partial recovery of superconducting coupling between the localized superconducting islands. A similar current-induced insulator to superconductor transition was also reported by Wu et al. 16 in an ultra thin granular Al film. They found that the granular Al film showed an insulating behavior when measured at a low excitation current of I Ͻ 60 pA, but was superconducting at I Ͼ 60 nA. The resistance drop reaches at about 90% of the normal-state resistance from T c down to 0.4 K, which is much larger than that observed in granular Bi sample B1. The current-induced small resistance drop at T sr in granular Bi nanowires provides an indication that the number of superconducting islands in B1 is likely very small and, therefore, the Josephson coupling between these islands is extremely weak even under a large dc bias.
We note that the total reduction of the wire resistance under an excitation current is unlikely to be due solely to the enhanced Josephson coupling between the superconducting islands. This is the case because the current dependent effect of the resistance was seen not only below T sr but also above T sr ͓shown in Fig. 4͑a͔͒ . Since the resistance above T sr is due to single-electron hopping processes 35 between the strong localized states, the nonlinear dependence of the resistance on the excitation energy is expected, according to the VRH theory, when the excitation energy is larger than k B T ͓i.e., dI / dV ϳ exp͑V / k B T͒ ͑Ref. 35͔͒. Hence, the substantial decrease of the total resistance below T sr by increasing the current from 50 nA to 25 A originates from both the VRH mechanism and the partial recovery of Josephson coupling between the localized pairing islands. A clear signature of the latter process is the tiny drop of the resistance at 5.8Ϯ 0.2 K under a large excitation current. Figure 5 shows MR curves of ⌬R / R͑0͒ vs H, measured with a higher excitation current of 25 A at different temperatures. At T = 6.0 K, R increases smoothly with H and this positive MR curve ͑labeled as "a"͒ is similar to that measured with a small excitation current of 50 nA at the same temperature, shown in curve "b" ͓i.e., the same curve that is shown in Fig. 3͑a͒ at 6 .0 K͔. Both curves appear to collapse onto each other and, thus, indicate that the MR effect at T Ͼ 6.0 K is independent of the excitation current. We attribute this positive MR at T Ͼ 6.0 K to the normal galvanomagnetic MR due to the Lorenz force on electrons. It is worth noting that at T Ͻ 5.8 K, the ⌬R / R͑0͒-H curves measured at 25 A showed an opposite behavior compared to those shown in Fig. 3͑a͒ . The MR, instead of being negative as in Fig. 3͑a͒ , is positive and the curves show a convex shape in the low-field region with a shoulder at a characteristic value indicated by the arrows. When the temperature increases, the shoulder position shifts to lower values of the magnetic field. If we define the magnetic field at the shoulder position as H sr and then add the H sr data into Fig. 3͑b͒ as open squares "Ǣ," we find that the phase boundary defined from Fig. 5 is in reasonable agreement with those defined from Fig. 3͑a͒ and Fig. 4͑b͒ within an uncertainty of 25%. These data indicate that the resistance shoulder in ⌬R / R͑0͒-H curves measured at 25 A probably corresponds to the upper critical field H c2 of the local superconducting islands.
IV. DISCUSSION
The above-mentioned experimental data provided an evidence that the super-resistivity of granular Bi nanowires below T sr is due to the existence of local superconductivity. In contrast to granular Sn, In, Pb, or Al films, where their bulk materials are well-known superconductors, bulk rhombohedral Bi is not a superconductor. It is natural to wonder where the local superconductivity in granular Bi nanowires comes from.
In Ref. 3 , we found that when the rhombohedral grains in these granular wires are oriented along the ͓001͔ direction, 3 the Bi nanowires showed complete superconducting, otherwise, the wires are nonsuperconducting or super-resistive if the grains are oriented randomly. By analysis of our previous structural and transport data, we have suggested that the superconductivity in granular Bi nanowires takes place along the boundaries between the ͓001͔ aligned grains and, thus, allows superconducting path percolating through the boundaries. In contrast, the boundaries between grains that are randomly oriented are not superconducting. However, one cannot exclude the possibility that some local boundaries, which have some specific orientations ͑such as ͓001͔ etc.͒, are superconducting, and thus leads to superconducting islands locally but do not form a global long-range phase coherence. As seen in Fig. 1 amorphous Bi islands residing at grain boundaries due to the strong disordering at the boundaries separated by nonsuperconducting crystalline rhombohedral Bi grains.
The above-mentioned scenario may explain why much previous research work on Bi nanowires or films showed great diversity in electrical properties. This is because the interfacial structures or the surface configurations of Bi nanowires or films are strongly related to the grain size, crystallinity, boundary condition, and the possible specific orientations between the grains, which all of them were affected by different growth techniques. For example, superconductivity was not seen in Bi nanowires fabricated by pressure injection of Bi into porous alumina membranes 28, [31] [32] [33] or Vycor glass, 7 and in granular films fabricated by thermal evaporation or sputtering at low temperatures. 6 In contrast, evidence of superconductivity was reported in some of rhombohedral single-crystal Bi nanowires ͑T c ϳ 0.64 K͒ fabricated by electrochemically deposition of Bi into porous polycarbonate membranes, 42 in granular composite Bi films ͑T c Ͻ 5.0 K͒ fabricated by codepositing Bi and matrix gas ͑A = Kr, Xe, O 2 , and H 2 ͒ onto cold substrates, 4, 5 and in single-crystalline Bi film deposited on a thin Ni films. 43 Although the T c in these specific structures showed great diversity and the origins of the superconductivity remains unsolved, all of the data support such an idea that this "fickle" superconducting phenomenon is closely related to its surface configuration of grains ͑or wires͒ or the interfacial ͑or boundary͒ structures between the grains. In addition, recent magnetization study on a bulk Bi bicrystals with a largeangle ͑Ͼ30°͒ twisting type crystallite interface 44 provided an evidence of two unknown superconducting phases with T c ϳ 8.4 K and ϳ4.3 K at the twisting interface.
Finally, we need to emphasize that, in addition to the 18 samples showing superconductivity and nine samples showing super-resistivity, we still have 11 samples showing a smooth insulating behavior down to 0.47 K. Since our measurements were performed on nanowire arrays, the experiments do not allow us to quantitatively determine whether the observed smooth insulating behavior is due to the absence of local pairs. If a small number of local pairs survive only in some of the granular wires in the array, they may not show up in resistance measurement under a parallel configuration of nanowires.
V. SUMMARY
We report an unusual super-resistive phenomenon in granular Bi nanowires that appears to be due to the nucleation of local superconductivity without global phase coherence. The phenomenon is reminiscent to those observed previously in ultrathin 2D superconducting films and 3D percolative superconducting films. Our data clearly indicate that the transport properties of Bi nanostructures are exceptionally sensitive to their specific configurations, they can be superconducting, super-resistive, or insulating, and strongly dependent on the exact local structures or configurations at grain boundaries or surface, as well as the structural orientations between the grains.
